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A B S T R A C T
Previous studies highlighted that friction value measured on real road surface textures covered by particles de-
pends on particle sizes. This paper focuses on identification of particles behaviours at the tyre/road interface in
the presence of particles. Identification is made by visual observations through high-speed camera, focus-varia-
tion microscopy and Scanning Electron Microscopy on the contaminated surface as scratch analysis on the sur-
face. Two particle types were collected into samples picked next to roads. They are composed of clay and quartz
which have different behaviours at the interface and affect the friction. Clay has a lasting effect due to its adhe-
sive behaviour. Quartz has a scratching and rolling behaviour and is quickly ejected to the contact area due to a
pinching effect.
1. Introduction
During a dry weather period, there is a deposit of particles (dust, de-
bris from tyres and the road, etc.) on the road. It is widely accepted that
longer is this period, more particles are gathered. All around the world
further studies [1–7] have shown that most particles are mainly smaller
than 125μm and concentrations of particles vary from 10 to 55g/m⁠2.
When rainfall is starting, after a long dry period, statistics show that
traffic crashes increase [8]. This is due to the accumulation of particles
reducing the friction coefficient between the tyre and the road surface
[9–11]. This phenomenon is called the summer ice phenomenon.
Nevertheless, Mills et al. [12] and more recently Y. Hichri et al.
[13,14] have observed that friction is already reduced on dry contami-
nated roads. These authors measured the friction by means of a Skid Re-
sistance Tester (SRT) Pendulum which is widely used on roads field as
a reference. The friction coefficient measured with this device is highly
dependent on the microtexture of the surface.
Y. Hichri et al. performed a laboratory study by using a sandblasted
aluminium slab covered by particles which simulates a contaminated
road surface. Within the scope of their experimental design, these au-
thors have noticed a reduced effect of the concentration of particles.
After successive friction runs, it was shown that surface covered by
coarse particles (more than 80μm in size) tends to recover rapidly the
clean-state friction level whereas very fine particles (less than 40μm in
size) keep the friction coefficient lower than that the one of a clean sur-
face.
The above studies are focused on macroscopic observations of fric-
tion values. To understand the variations of friction and finally propose
an explanatory model, it is necessary to go deeper into involved mech-
anisms by making microscopic observations. Thus, previous works deal-
ing with rail/wheel contact both in laboratory and in-situ demonstrated
through Scanning Electron Microscope (SEM) observation the appear-
ance of a film acting as a lubricant in the contact area. Depending on the
size and the type of particles, several mechanisms like rolling, scratch-
ing or crushing were observed [15–19] and the characteristics and the
rheological behaviour of this film evolves. The transferability of these
observations to roads field is questionable due to the difference of oper-
ating conditions (speed, load, contact pressure).
The aim of this paper is to bring to light the different particles be-
haviours during a friction measurement in dry condition to explain their
effects on the lubrication of the tyre/road contact. Firstly, particles are
characterised, then the movements of particles are observed as well as
the mechanical behaviour of the types of particles at the interface.
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2. Materials and methods
As explained previously, SRT pendulum was used to measure friction
values. Observations of particles were performed during friction tests or
after through different devices as a high-speed camera, a focus-varia-
tion microscope Alicona and a scanning electron microscope. Further-
more, several types of particles were used, two natural particles and
glass spheres, to better understand mechanisms.
2.1. Particles
2.1.1. Natural particles
Natural particles are collected from two sites. The first site, named
“Cheviré”, is a catchment area near the Cheviré Bridge in Nantes as
presented in Y. Hichri et al. [14]. The second site, named “Savenay”,
is a drain on a hard shoulder from the freeway linking Nantes to
Saint-Nazaire (GPS coordinate: 47.363300, −1.903233). Sediments are
extracted from sites then dried and sieved in the laboratory. The proto-
col is described in Y. Hichri et al. [14]. It is assumed that the collected
particles are equivalent to those present on roads.
Granulometries were determined by Inductively Coupled Plasma Op-
tical Emission Spectrometry (ICP-OES).
Chemical elements were determined by NF EN 12880, NF EN 18879,
NF X31-147, NF EN ISO 11885 and an internal method of alkaline
molten.
2.1.2. Glass spheres
Standardised glass spheres (NF EN 13036-1) of 180–250μm in di-
ameter are employed to compare their behaviours to natural particles
ones, through the high-speed camera. It was necessary to employ rel-
atively big model particles. Indeed, natural particles are too small to
view their behaviour through the high-speed camera. Furthermore, nat-
ural particles are composed of particles of different nature and it is com-
plicated to identify them and to distinguish their behaviours. Lastly, as
glass spheres are chemically inert, it is possible to assess only to me-
chanical behaviours of particles without chemical interactions.
To identify glass sphere behaviours, as it was difficult to distinguish
one sphere from another with a random spreading, it was decided to put
one sphere by centimetre square in area of the slab surface. This unit
(1cm⁠2) is chosen because it represents the area of one aggregate.
As spheres being small, it is tough to drop one sphere off every cen-
timetre square, the best way found to spread spheres regularly is to use
a sieve having meshes of 165μm in which holes were enlarged at a reg-
ular distance thanks to a standardised penetration needle (NF EN 1426).
When glass spheres are spread on the holed sieve, only one sphere by
hole is dropped off on the slab placed underneath the sieve.
2.2. Test protocol
2.2.1. Friction measurement
The same testing procedure as the one of Y. Hichri et al. [14] was
followed. Friction was measured on a clean and dry aluminium slab, as
indeed Y. Hichri et al. [13] showed, roughness parameters of the alu-
minium slab are similar to road aggregates polished by the traffic. The
friction was measured after the deposit of particles, then the measure-
ment of friction was repeated until stabilisation of the friction coeffi-
cient. Different fractions of particles (0–40, 40–50, 50–80, 80–100 and
0–100μm) and concentration (10, 20 and 40g/m⁠2) were tested with nat-
ural particles.
The friction slider of the SRT pendulum is made of rubber and rubs
a sandblasted aluminium slab being 130 by 80mm. The friction slider
represents a tread block of a tyre. The sandblasted aluminium slab has
a microtexture similar to polished aggregate. As microtexture is one
main parameter having an impact on friction, it is essential to use a rep-
resentative surface [20].
During friction tests, carbon adhesive discs were placed after the
aluminium slab to collect ejected particles and a high-speed camera
recorded the passes of the rubber slider (Fig. 1).
2.2.2. Material for observations of particles behaviours
2.2.2.1. High-speed camera During friction measurement, the passage
of the rubber over the slab was recorded by means of a high-speed
camera. This enables to view particle movements. The body of the
camera is a Motion BLITZ Cube4 and the lens is a Sigma 105mm 1:2,8
DG MACRO. It was necessary to light up as much as possible the sub-
ject matter to take distinct pictures of particles. Parameters were opti-
mised as follows to have the clearest pictures:
- Frame rate: 6000 frames/s
- Shutter time: 100μs
- Frame geometry: 1280 by 171 pixels
- Lens aperture: f-2.8
- Zoom lens: 1:1
The size of a pixel announced by the camera builder is
12μm×12μm. It was confirmed by measuring the number of pixels of a
picture between graduations of a precise ruler. Count of pixels is made
through the free software GNU Image Manipulation Program. This en-
ables to measure the distance travelled by particles and their velocity
knowing the time slot between two frames. The high-speed camera is
placed in such a way that it records the centre of the slab at 5mm from
the edge, as shown in Fig. 1. The limit of this camera is the depth of
field which is limited to approximately 1.5mm.
2.2.2.2. Focus-variation microscope During friction tests, carbon adhe-
sive discs were placed 50mm away from the slab to capture particles
ejected from it at passages 1,2,3,5 and 12. In accordance with Y. Hichri
et al. [13], the passages 1,2 and 3 correspond with the fastest variation
of the friction. Passage 5 corresponds with the slow increase of the fric-
tion and it is the passage at the half of the test. Passage 12 corresponds
with the stabilisation of the friction coefficient. That distance of 50mm
was chosen after tries which showed that it is the best place to catch a
maximum of particles. After each passage of the slider, a new disc was
placed. These carbon adhesive discs were studied at the focus-variation
microscope Alicona to see the evolution of ejected particles over pass-
ing.
Thanks to many lenses of the focus-variation microscope, it is possi-
ble to have an overview of particles ejected as well as details of parti-
cles of a few nanometres. The limit of the focus-variation microscope of
the laboratory is that it only gives a 3D view from above, thereby it is
not optimal to use the focus-variation microscope to see particles on the
sandblasted aluminium.
2.2.2.3. Scanning electron microscope The Scanning Electron Micro-
scope aims at having more details on particles and their distribution on
the surface of the aluminium slab as well as their chemical composi-
tion. The limit of the SEM is the time needed to analyse samples. The
time to observe all samples of the design of experiments and the slab at
every step and with both particles was immoderate. Thus, only some
samples were analysed with the SEM.
2.3. Strategy
The strategy of the investigation was to characterise both natural
particles (I), then the movement of particles is determined and com-
pared to the one of glass spheres (II), afterwards carbon adhesive discs
are observed through the focus-variation microscope to determine the
order of ejection of different particles (III). Finally, observations
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Fig. 1. Test rig.
through the SEM and the Alicona are employed to understand particles
behaviours at the interface (IV).
3. Theory
First of all, Mills et al. [12], H. Heshmat [19] or K. Li et al. [21]
found that dry particles can entail a decrease of friction values by acting
as a lubricant in the contact area. They highlighted the role of particles
size which generates various mechanical behaviours.
Thus, Mills et al. stated that a critical size of particles lying between
50 and 60μm exists to switch from one behaviour to another. Above this
threshold, particles tend to roll when a rubber pad sweeps the surface
whereas under this limit particles tend to stick together due to cohesive
forces and promote a sliding mechanism at the rubber slider/surface in-
terface. When the particles are very hard, they tend to scratch the sur-
face of the rubber. These grooves are few micrometers wide and observ-
able only with accurate microscopes.
Moreover, Mills et al. established that the surface roughness plays a
role in friction generation at the interface as particles can be trapped by
the surface texture. Thus, some particles cannot go over surface asperi-
ties, which contributes to the shearing of particles layers.
Heshmat [22] on his side found that solid particles (i.e. powder)
can form a lubricant film which exhibits similar characteristics than a
fluid. This result is true only for a certain range of particles size (around
5–20μm). This film can be considered as a third body which plays a role
in the friction between the rubber pad and the pavement surface.
Lastly, Y. Hichri et al. [13,14] demonstrated that the finest fraction
(i.e.0–40μm induces a lower friction value after one measure with par-
ticles (step 1), then the increase of the friction value with the num-
ber of steps is the slowest. Friction values measured with the fraction
80–100μm increase rapidly after step 1. Based on these observations,
Y. Hichri et al. assumed that big particles are ejected from the first
passes of the rubber slider without being blocked by the surface tex-
ture, whereas small particles tend to stick on the surface and need more
passes to shear the particles layers. Additionally, Y. Hichri et al. ob-
served that it was not possible to recover the initial level of friction (i.e.
on clean surface) which confirms that some particles should stay at the
interface creating a film of lubricant. Validation of these assumptions
are expected through deep analysis of the state of contamination of the
surface during and after friction measurements.
4. Results and discussion
4.1. Characterisation of natural particles
Fig. 2 displays granulometries by fractions of particles from the two
sites. Graduations on the outer diameter are particle sizes and gradua-
tions on inner diameters are percentages of presence of the size of parti-
cles into a fraction. As an example, the fraction 40–50μm from Savenay
is composed of 25% of 40μm particles. All the same fractions are simi-
lar for both origin except for fraction 50–80μm. An explanation will be
given later.
Chemical elements analyses (Fig. 3) show that all fractions are com-
posed of around 68% of Si, 12% of Al, 6% of Fe, 3.5% of Na, 3.7%
of Ca, 4% of K, 1.5% of Mg, 0.57% of Ti and other elements are in
insignificant amounts. By this analysis particles from the two picking
areas could be considered as similar from a chemical point of view.
Thanks to the high percentage of silicon and the rather significant
quantity of aluminium, it can be assumed that particles samples are
made up of quartz (SiO2) and clay (SiO2 + Al2O3). Those two materi-
als have opposite mechanic behaviours. Quartz has a Vickers hardness
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Fig. 2. Granulometry of natural particles.
of 100 MPa while clay is totally soft. A low normal stress directly causes
internal shearing.
To support this hypothesis some observation with the focus-variation
microscope and the SEM are made. First particles of fraction 0–100μm
of Savenay and Cheviré deposited on a white sheet of paper were ob-
served through the focus-variation microscope. To highlight the clay be-
haviour untouched and crushed samples were observed (Fig. 4).
Particles from Savenay are mainly unaltered while particles from
Cheviré are crumbled. It can be noticed that black particles are crum-
bled and white ones are intact. Thus, it could be considered that black
particles are clay and white ones are made up of quartz. The chemical
composition of particles of quartz and clay are similar, but as the obser-
vation by focus-variation microscope show, the mineralogy is different.
On pictures of the fraction 0–100μm from Cheviré it can be no-
ticed that the major part of particles larger than 50μm are made up
of clay. In Fig. 4, the fraction 50–80μm from Cheviré shows an unex-
pected granulometry. From now onwards, it is assumed that the frac-
tion 50–80μm has been compressed and agglomerates of clay were
crumbled during manipulations. The fraction 40–50μm from Cheviré is
mainly made up of quartz. Thus, the fraction 0–100μm from Cheviré is
principally made up of quartz from the fraction 40–50μm and clay from
fraction 50–80μm.
To picture more easily particles behaviours, some images are taken
by the SEM. Particles from Cheviré are used to picture the behaviour of
clay (Fig. 5). On the left, there is a particle of quartz with some small
particles of clay stuck on them. On the right, there is an agglomeration
of clay.
Two main particles occur in the contact and have different behav-
iours. To view their movements, we used samples from Savenay because
they do not crumble and it is easier to see them with the high-speed
camera (1 pixel is 12 by 12μm). To observe them at the interface by the
SEM, we used particles from Cheviré.
4.2. Friction values
To validate the following observations, it is necessary to ensure that
friction values are similar to Y. Hichri et al. [14] ones. According to the
standard NF EN 13036-4, friction values are judged similar if the differ-
ence is below 0.05. As it is shown in Fig. 6 friction values for 10 and
40g/m⁠2 of the fractions 0–100μm from Cheviré measured by Y. Hichri
et al. [14] and in this study are equal, which validates the following
observations. Nevertheless the friction values of particles from Savenay
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Fig. 3. Main chemical elements of natural particles.
are higher than the ones of particles from Cheviré. As shown previously
particles from Cheviré and Savenay are different and might not have the
same behaviour.
4.3. Movement of particles
Movements of particles are seen through the high-speed camera
recording passages of friction slider on the sandblasted aluminium slab
covered by 10g/m⁠2 of particles from Savenay. This section presents re-
sults obtained with the fraction 0–100μm which is the most representa-
tive of particles present on the road.
4.3.1. Overall movement
Series of MEB analysis show the diminution of the quantity of par-
ticles on the surface at every passage. Indeed at the first passage on
the aluminium slab is covered with particles and after each passage it
is possible to see more and more aluminium and fewer particles. This
observation shows that the slider passes on different layers of particles.
High-speed camera records show that particles are ejected and form a
cloud of particles following the slider. The fact that they are not pushed
towards the front is attributed to the microtexture of the surface of the
slab which traps the particles. To verify this hypothesis, which was al-
ready highlighted by R. Mills et al. [12] and Y. Hichri et al. [14], an
extra test was made on a smooth aluminium slab and it shows that par-
ticles are actually pushed by the slider.
The cloud following the friction slider is composed of particles and
fragments of rubber of the slider. The slider is worn out by the micro-
texture of the slab. Indeed, the more passages are carried out, more par-
ticles from Savenay are ejected and the more fragments of the slider ap-
pear.
The cloud is generated by two phenomena. On the one hand, the
depression caused by the movement of the SRT pendulum which sucks
particles up a few millimetres behind the slider. On the other hand,
some particles are ejected at the rear of the slider and leave the surface
in the opposite direction of the slider with a speed around 0.8m/s in our
case. Once aloft, particles change of direction due to air flow and follow
the slider displacement. Finally, particles settle bouncing on or next to
the aluminium slab.
To clear up the mechanism of ejection of particles, observation of
glass spheres of 200μm in diameter is made (Fig. 7). The same ejection
process appears. The sphere goes under the slider and is ejected at the
rear. The difference lies in the speed of glass spheres which is around
3.4m/s, and that the trajectory doesn't deviate due to air flow. This can
be explained by the kinetic energy of the sphere which is higher as glass
particles are heavier and go faster than natural particles.
As quartz, glass spheres and aluminium are harder than the rub-
ber of the slider. The slider is the most deformed and saves deforma-
tion energy when a particle goes between the slider and the slab. When
the surface texture blocks the particle at the interface, the slider is de-
formed. Then the slider slides rubbing the particle until the edge of the
slider. Just as the particles go out of the interface the rubber gets back
Fig. 4. Particles from Chevire & Savenay; Black arrows indicate particles of clay; white arrows indicate particles of quartz (×20 magnification, Alicona).
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Fig. 5. Quartz particle on the left and clay aggregate on the right (SEM).
its initial geometry and there is a pinching effect throwing out the par-
ticles.
As seen through high-speed camera, the larger is a particle, the
more energy of deformation is accumulated into the rubber and more
energy is given by a pinching effect to particles to leave the aluminium
slab.
In the case of particles from Savenay, particles fly away and then
are blown away by the airflow. Thus, the larger particles are, the higher
they go and further away they settle.
4.3.2. Ejection order
To confirm the reasoning just suggested, adhesive carbon discs were
observed after 1, 2, 3, 5 and 12 passages of the friction slider. These pas-
sages are chosen in connection with the variation of friction values. In-
deed, between passage 5 and the stabilisation at passage 12, friction val-
ues increase slowly and regularly. Particles from Savenay are used in the
same concentration and fraction as for tests done with the high-speed
camera.
Before analysing pictures in Figs. 8 and 9 (obtained by means of the
focus-variation microscope), it is important to specify that there are op-
tical effects on them. Discs are black, but with the high intensity of light
of the measuring sensor, there is a reflection in the adhesive, thus, discs
look white. In the same way, quartz is translucent, and some particles
look black due to the colour of the disc underneath.
Fig. 8 presented pictures taken at 10× magnification. The quantity of
particles ejected decreases as the number of passages increases. As ex-
pected, largest particles are found on the disc after the first passage and
to a lesser extent on the second disc corresponding to the second pas-
sage. Then the size of most of particles is stable around 50μm.
Fig. 6. Friction values.
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Fig. 7. Upper figure: first passage of the slider on 10g/m⁠2 particles of fraction 0–100μm from Savenay; lower figure: glass sphere (High-Speed Camera).
It is also interesting to have a look at the nature of the ejected par-
ticles. To illustrate the upcoming analysis, Fig. 9 shows, at ×20 magni-
fication, ejected particles at passage 1, 5 and 12. Three types of parti-
cles are observed on discs. There are quartz particles which are mainly
ejected during first passages. Then there are clay particles which are
ejected quite in the same proportion. Finally, there are rubber fragments
which appear more and more over passages and the microtexture of the
sandblasted slab is uncovered. Typically, in Fig. 9, at passage 12, on the
top right-hand corner, the small agglomerates in the shape of a crescent
moon is a rubber fragment.
Thus, it is seen that larger particles are ejected first and the amount
of ejected quartz particles reduce with the number of passages, while
the ejected quantity of clay is stable. To explain this phenomenon, it is
necessary to go into more mechanical behaviour of particles at the in-
terface in depth.
4.3.3. Comparison with aggregates taken off the road
To compare the previous observations to real contamination on the
road, two aggregates were taken off the road on the test site of Savenay
after 10 days of dry weather. The first aggregate was taken off the hard
shoulder and the second one from the right wheel path (worn part of a
road). These two aggregates were observed through SEM (Fig. 10). The
aggregate from the hard shoulder has, on its surface, particles of quartz
(up to 100μm) and agglomerates of clay. Indeed, chemical analysis by
the SEM shows that particles are mainly made up of SiO⁠2. Unlike the ag-
gregate from the wheel path which has some tiny particles (<10μm) of
quartz and clay. Furthermore, there are many deposits of contaminants
which do not seem to be minerals because of cracking and their chemi-
cal compositions (see Table 1, please note that these chemical analyses
cannot be considered as any evidence due to lack of data, but the au-
thors want to indicate deeper investigations to undertake).
These observations tend to confirm that quartz particles larger than
50μm are ejected from the surface.
4.4. Mechanical behaviour of particles at the interface
Observing mechanical behaviour (rolling, scratching, sticking) of
particles at the interface is almost impossible with our materials. How-
ever, it is possible to observe tracks of particles.
Particles can show three behaviours on: rolling, scratching or stick-
ing. Quartz particles can roll and scratch. Clay particles can roll, scratch
and stick.
4.4.1. Quartz behaviour
At the interface quartz might adopt rolling or scratching behaviour,
because it is an inert material. It is also the hardest material at the in-
terface, thus it may scratch the rubber of the slider and the aluminium
slab. It is not wise to observe scratches on the rubber because it is the
softer material and scratches could also come from the contact with the
sandblasted aluminium slab. Consequently, scratches are searched on
the slab through the focus-variation microscope.
Scratches were found (Fig. 11) on peaks and valleys. Most of them
are orientated in the sliding direction and this confirms that wear is the
cause of them. So, quartz has a scratching behaviour.
The rolling behaviour of the quartz is not observable with our mate-
rial. We can only assume that at the interface that quartz particles can
also roll thanks to the different of pressures of contact due to the “topog-
raphy” of the aluminium slab.
Several topographic measurements were made for a quantitative
analysis of the contact parameters. From the plastic contact theory, we
can define the following parameters [23–25].
The half width of the scratch or radius of contact ap (μm) is mea-
sured on the aluminium slab and enables to calculate the plastic contact
area Ap of a particle presumed spherical:
(1)
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Fig. 8. Ejected particles by passages (×10 magnification, Alicona).
Fig. 9. Ejected particles by passages (×20 magnification, Alicona).
The plastic contact area of an asperity is defined by Abbott and Fire-
stone [26] as:
(2)
With R the radius of the particle and δ (μm) the depth of the scratch
(Fig. 12).
Thus the relationship between the half width of the scratch (contact
radius) and the radius of the particle that caused the scratch can be writ-
ten as:
(3)
This relationship made it possible to determine the radius of the dif-
ferent particles on six topographic measurements of the scratches.
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Fig. 10. Observation of two different aggregates from Savenay (SEM).
Three other parameters were quantified from the knowledge of the
radius of the particle and the radius of contact:
(4)
(5)
(6)
The entire calculation is presented in Table 2. It may be noted that
the particles whose radius of curvature is greater than 25μm, cause a
low degree of penetration ( Dp <3%), a low scratching force and a low
coefficient of friction of deformation. On the other hand, particles with
a radius of curvature lower than 25μm, cause high degrees of penetra-
tion ( Dp > 5%), with a high coefficient of friction of deformation.
About particles of quartz, it is finally observed that they are ejected
from the surface due to a pinching effect caused by the deformation of
the rubber of the slider on a particle stuck on a rough patch.
This pinching effect explains why on the aggregates (taken in the
right wheel path) we did not observe particles bigger than 10μm. In the
literature particles are picked on the road thanks to vacuum cleaners.
This method is questionable as much as the one presented in this paper,
because they catch ejected particles and particles located into hollows
between aggregates. Indeed, thanks to the high-speed camera it was ob-
served that particles could be sucked up by the air flow, therefore they
could be caught by the vacuum cleaner as much as they could settle on
the hard shoulder (and on the road where they will be quickly ejected
by the pinching effect and go to the hard shoulder and to the drain).
Some quartz particles can deposit on the wind thanks to the wind, trucks
loaded of rubble, tractors, the wear of the road infrastructure, and so
on. At the same time quartz particles on the wheel path are ejected by
the traffic and the pinching effect. Thus the quantity of large particles
of quartz on the road must be quite stable and quite low.
4.4.2. Clay behaviour
Clay is a material having no resistance to normal stress [27]. There-
fore, while the slider rubs the surface, agglomerates of clay might break
up and stick to the aluminium slab.
To visualise the adhesion of the clay in the contact area, some analy-
ses with SEM are made after different numbers of passes of the slider
(Fig. 13). 40g/m⁠2 of the fraction 0–100μm of particles from Cheviré are
used because they contain more clay than the ones from Savenay. To
analyse the behaviour of clay particles, pictures taken through SEM are
compared to pictures taken with the fraction 40–50μm from Cheviré,
because these particles are more made up of quartz than the first one.
The same concentration was also used. Both fractions have the same ori-
gin, thus, quartz contained in the fraction 0–100μm and the one of the
fraction 40–50μm have the same behaviour.
After one passage, the difference is clear, quartz particles are in val-
leys, while clay is all over the surface. Friction values are stable after 12
passages for the fraction 0–100μm and 11 for the fraction 40–50μm. It
is also clear that particles of quartz are ejected, or into valleys, and par-
ticles of clay are all over, even on peaks.
Thus, it is shown that clay has an adhesive behaviour in addition to
limited (but probable) behaviour of rolling and scratching because clay
could be mixed with quartz fragments.
4.5. Relationship between particles behaviour and friction
As explained in the introduction, several authors have shown that
friction values depend on the size of particles. More specifically Y.
Hichri et al. [13,14] noticed that the presence of particles smaller than
40μm has a huge and lasting influence on friction. They measured a
Table 1
Compositions of contaminants.
Na2O SiO2 SO3 K2O CaO Al2O3 MgO FeO P2O5 TiO2
Black contaminant 3.4 46.9 10.2 3.5 7.3 16.4 2.7 7.8 3.7 3.0
White contaminant 0.3 1.6 0.7 0.1 58.8 0.4 0.1 0.1 37.9 0.0
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Fig. 11. Scratches on aluminium (×100 magnification, Alicona).
Fig. 12. Plastic deformation and wear theory.
lower friction coefficient for the first passage with the fraction
80–100μm than with the fraction 0–40μm. Scratches analysis showed
that particles with a radius of curvature greater than 25μm have a lower
coefficient of friction of deformation than particles with a radius lower
than 25μm. They also observed that in the presence of larger particles,
friction values rapidly increase after the first passage. They suggested
that the size of particles is linked to the friction by the texture of the
aluminium slab and its capacity to retain particles.
This hypothesis is still valid. However, now it is known that fric-
tion value is also linked to the nature of particles. Indeed, when clay is
stressed, agglomerates are crumbled in small particles which stick to the
surface and fill valleys reducing micro-indentation and friction. As for
large particles which are quickly ejected, this is because they are made
up of quartz and deform the rubber of the slider before being ejected
by the pinching effect. That happens thanks to the microtexture block-
ing particles of quartz. These new evidences allow to explain the dif-
ference of friction values between the tests with particles from Cheviré
and Savenay exposed in Fig. 6. Indeed particles from Savenay are more
made up of quartz they contain less clay than particles from Cheviré.
Thereby particles of quartz are ejected faster while the clay is crumbled
and stays on the aluminium slab. Therefore the friction values of the
particles from Cheviré are lower than the friction values of the particles
from Savenay.
5. Conclusion and perspectives
In this paper, the behaviour of particles in the tyre/road contact area
was studied experimentally and observed through a high-speed camera,
a focus-variation microscope and a Scanning Electron Microscope.
Particles were collected from reservoirs of runoff water (catchment
area or road drain) next to trafficked roads. They are mainly made up
of quartz and clay which show different behaviour at the tyre/road in-
terface. Quartz has a rolling and scratching behaviour and wears the
surface. Some simplified calculus indicated that particles whose radius
of curvature is greater than 25μm, cause a low degree of penetration
(Dp <3%), a low scratching force and a low coefficient of friction of
deformation, whereas particles whose radius of curvature is lower than
25μm, cause high degrees of penetration ( Dp > 5%), with a high coef-
ficient of friction of deformation.
Table 2
Quantitative analysis of contact parameters through the morphology of abrasive scratches.
ap(μm) δ(μm) R (μm) Dp (%) μDef
1 3.00 0.1 45 0.014 4.80 0.028
2 3.24 0.2 26.4 0.026 5.62 0.052
3 4.99 0.3 41.66 0.025 12.29 0.051
4 14.20 14 14.2 0.414 107.61 0.425
5 8.77 2 20.25 0.096 41.10 0.184
6 14.36 10 15.31 0.292 110.07 0.398
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Fig. 13. Ejection of particles: left 40–50μm; right: fraction 0–100μm (SEM).
In addition to rolling and scratching behaviour, clay has an adhesive
behaviour and stick to the surface after being crumbled.
Particles of quartz and clay are ejected from the contact differently.
Quartz is quickly ejected because of the deformation of the tyre and the
so-called pinching effect. Clay is ejected in a constant quantity.
Those different ejections and behaviour of particles, due to their di-
verse natures have an impact on friction and help to explain the evolu-
tion of friction through successive passes of the rubber slider on a cont-
aminated surface. Clay has a lasting effect on friction due to its adhesive
behaviour while quartz is rapidly ejected, thus showing only a brief im-
pact on friction.
SEM analysis of aggregates showed chemical deposits on the sur-
face and not mineral deposits. This observation questions the origin of
the loss of friction for the summer ice phenomenon. To go further in
the analysis of the friction generated between contaminated surface and
tyre, it could be interesting to study the contamination located at the
top of aggregates from the road wheel path.
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